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We combine the characterization techniques of scanning AC nanocalorimetry and x-ray diffraction to
study phase transformations in complex materials system. Micromachined nanocalorimeters have
excellent performance for high-temperature and high-scanning-rate calorimetry measurements. Time-
resolved X-ray diffraction measurements during in-situ operation of these devices using synchrotron
radiation provide unprecedented characterization of thermal and structural material properties. We
apply this technique to a Fe0.84Ni0.16 thin-film sample that exhibits a martensitic transformation with
over 350K hysteresis, using an average heating rate of 85K/s and cooling rate of 275K/s. The
apparatus includes an array of nanocalorimeters in an architecture designed for combinatorial studies.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4806972]
Scanning calorimetry (SC) and x-ray scattering are power-
ful methods of materials characterization, the former quantify-
ing thermal properties and the latter providing structural
information. In a typical scanning calorimetry measurement, a
phase transformation or solid-state reaction is efficiently
explored through a temperature sweep, providing characteriza-
tion of transformation or reaction temperature, latent heat, and
the heat capacities of reactants and products.1,2 As shown
below, scanning calorimetry may require complementary
methods to sufficiently characterize the material reaction. In
the common case of crystalline phases, the complementary
crystallographic characterization of powder x-ray diffraction
(XRD) can provide the additional information required for a
more complete understanding of the material reaction.
Experiments combining these two techniques have been
performed at scanning rates less than 1K/s,3–8 limited by the
scanning rate of bulk calorimeters and the data acquisition
rate of traditional diffractometers. Nanocalorimetry has
pushed accessible scanning rates to above 105K/s.9,10 This
technique has enabled the study of materials far from
equilibrium11–15 and in particular has been combined with
room-temperature diffraction measurements to elucidate the
glass-forming behavior of metallic glasses.16 Here, we dem-
onstrate a combination of in-situ time-resolved XRD and
nanocalorimetry measurements, and apply them to the study
of a Fe0.84Ni0.16 thin-film sample.
The nanocalorimetry measurements in this study were
performed using a parallel nano-SC (PnSC). The PnSC is a
micromachined device described in detail elsewhere.17–19
Briefly, it consists of a silicon substrate with a 5 5 array of
independently controlled calorimeter sensors as shown in Fig.
1. Each sensor contains a tungsten four-point electrical probe
that serves both as a heating element and a resistance ther-
mometer and is fully encapsulated in a silicon nitride mem-
brane. In a typical calorimetry measurement, a thin-film
sample is deposited in the shaded area between the two sens-
ing leads and an electric current is supplied through the tung-
sten heating element. The measured current and voltage are
used to determine the power supplied to the sample, while the
temperature of the sample is determined from the resistance
of the heating element, which is calibrated to temperature.
For in-situ XRD characterization of an operating nanoca-
lorimetry device, data acquisition rates providing a nominal
temperature resolution of approximately 10K or better is de-
sirable. This rapid XRD acquisition rate is coupled with the
additional challenge of weak diffraction intensity, due to the
small (102 nm thick, 0.1–1lg) samples typical of nanoca-
lorimetry. To exploit the combinatorial capabilities of the
PnSC device, the XRD measurement must be amenable to a
broad range of materials and thus access a large region of re-
ciprocal space. To meet these requirements, we developed a
highly specialized pilot experiment at the Cornell High
Energy Synchrotron Source (CHESS) A2 beam line. A lightly
sanded Si-111 double-crystal monochromator provided a
30 keV x-ray beam with a flux of 4.5 1010 photons per sec-
ond in the 0.6 1mm beam cross-section. Following strat-
egies outlined previously,20 a large-area pixel array detector
(GE 41RT) optimized for efficient detection of high-energy x
rays was used in transmission geometry to acquire diffraction
data (see Fig. 1). The detector can image as fast as 30 frames
per second. For this experiment, a 0.2 s integration time was
used during the nanocalorimetry measurement with additional
100 s integrations at room temperature, before and after the
temperature scan. Diffraction images acquired from a blank
membrane were used to subtract sources of scattering not
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associated with the sample of interest. The resulting diffrac-
tion images were then azimuthally integrated to provide
1-dimensional powder patterns (see Fig. 2).
To control the atmosphere during the calorimetry
experiment, the measurements were performed inside a small
custom-built vacuum chamber with internal diameter of
30 cm, which accommodated the PnSC device and probe
card. To align the x-ray beam with each of the calorimeter
samples in the 5 5 array, the chamber was mounted on a
two-dimensional translation stage. The chamber contained
an upstream x-ray window slightly larger than the PnSC de-
vice size and a considerably larger downstream window to
avoid obstructing the diffraction cone from each calorimeter.
The chamber was evacuated to a base pressure of 104 Pa,
and measurements were performed in a controlled atmos-
phere of 20 Pa water vapor.
Nanocalorimetry measurements were performed using a
data acquisition system controlled with Labview
VR
, and were
synchronized with the XRD acquisition systems via a TTL
trigger. The data acquisition electronics were similar to those
described in Refs. 17 and 20 with modifications for creating
a compact, portable system. Computer control and measure-
ments were performed through a digital-to-analog (DA) and
analog-to-digital (AD) module (National Instruments NI
cDAQ-9174 integrated with NI 9263 and NI 9205). The DA
module was used to control a modified Howland current
source, which powered the heating element in series with a
precision resistor that was used for measuring the applied
current. Noise reduction strategies included ground shield-
ing, pseudo-differential sampling, optically isolated com-
puter interfacing, and ground-isolated direct current (DC)
power supplies (Agilent E3630A and E3620A).
A carefully designed current profile, containing DC and
alternating current (AC) components, was applied to the PnSC
device to attain the desired heating and cooling rates, and max-
imum temperature. The AC frequency f¼ 416.67Hz produced
temperature oscillations of approximately 6K. As described in
detail elsewhere,17 the nonlinear thermal response of the PnSC
device yielded harmonic injection into the measured sensor
voltage. This sensor voltage was not only monitored for tem-
perature determination through the calibrated resistance ther-
mometer but also processed for harmonic analysis. By
determining both the amplitude V2f of the 2f harmonic and the
phase angle of the temperature oscillation, u1, the heat
capacity of the sample and addendum was calculated as17,20
mCp ¼ i
2I0R0k
2pf jV2f j
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
25tan2u1 þ 9
16tan2u1 þ 4
 tan
2u1
1þ tan2u1
s
; (1)
where I is the DC component of the applied current, i is the
AC amplitude, R0 is the resistance of the calorimetry sensor,
and k is its temperature derivative. This expression is the result
of a recently developed scanning AC nanocalorimetry
FIG. 1. (Top) Schematic of the combined nanocalorimetry and synchrotron
XRD experiment showing the path of the 30 keV synchrotron beam through
the vacuum chamber and nanocalorimeter device. The device can be seen
through the polyimide window and the detector region is represented by a
measured diffraction image. (Bottom) The metallization of the PnSC device
is shown along with the detailed view of a single serpentine sensor that
provides uniform sample heating over a broad range of scanning rates. The
footprint of the x-ray beam is highlighted.
FIG. 2. Summary of XRD results. (Top) Powder patterns showing the XRD
background as well as the XRD characterization of the as-deposited sample
and annealed sample. The sum of the in-situ measurements (R in-situ
anneal) is shown. Comparison with the peak positions of the noted phases
shows the presence of fcc and bcc phases. (Bottom) The 54 powder patterns
from the in-situ experiment after subtracting the initial room temperature
pattern. The patterns are ordered as a function of time as noted on the right
ordinate axis. Dashed patterns correspond to the cooling segment of the
experiment. During the experiment, the sample was heated at an average
rate of 85K/s, followed by a quench at an average rate of 275K/s.
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technique,17,20 which has broadened the usable scanning rate
and enabled in-situ experiments such as that described here.
The measured sensor voltage was partitioned into segments
containing two cycles and Eq. (1) was evaluated for each seg-
ment to provide mCp as a function of time and temperature,
which comprises the calorimetric measurement of the sample.
After fabrication of the PnSC device, the sensor was
calibrated to determine the R0 and k values using established
techniques.17,18 A 180 nm film of Fe0.84Ni0.16 was deposited
using magnetron co-sputtering from elemental sources in a
DC magnetron deposition system (AJA International) with
base pressure of 1 105 Pa. The Fe and Ni sources (2 in.
diameter) were powered at 120W and 18W, respectively,
and the 37-min deposition proceeded in an atmosphere of
0.67 Pa of Ar. A test sample deposited under identical condi-
tions was analyzed with Energy Dispersive Spectroscopy
and profilometry to determine film composition and thick-
ness. The deposition was performed through a shadow mask
onto the PnSC sensor region to provide a calorimetry sample
of approximately 50 nmol.
In the as-deposited state, the primary phase of the Fe-Ni
film is bcc, as indicated in Fig. 2 by the match to the bcc-Fe
pattern (4-014-0360, Ref. 21). Before the in-situ experiment,
the sample was twice heated to 1100K in vacuum and cooled
to room temperature at rates of approximately 2 104 K/s.
This annealing procedure ensured that the sample was highly
crystalline, and resulted in the formation of a second phase,
fcc-(Fe,Ni) with a mole fraction of approximately 30% (see
Fig. 2 with fcc-Fe68Ni32 pattern 04-002-1863, Ref. 21). The
grain size in the sample after the annealing step was estimated
to be at least 30 nm based on a Scherrer analysis of the diffrac-
tion peak widths. According to the Fe-Ni phase diagram,22 the
fcc phase is stable at elevated temperature, while the room-
temperature equilibrium phase structure of the sample is a
mixture 80% bcc-(Fe,Ni) and 20% of the ordered FeNi3 inter-
metallic compound. However, formation of the compound
requires considerable diffusion and is not favored under the
rapid-cooling conditions of this experiment—the diffusion
distance of Ni in Fe on the timescale of the experiment is less
than 1 nm.23 This notion, along with the larger fraction of fcc
phase in our measurements, suggests that upon cooling the
high-temperature fcc phase undergoes a martensitic transfor-
mation to form a supersaturated bcc phase.22
The fcc þ bcc phase mixture noted above was the start-
ing state of the in-situ experiment, during which the sample
was heated at an average rate of 85K/s and then quenched at
an average rate of 275K/s. To illustrate the evolution of the
XRD patterns during the in-situ experiment, Fig. 2 shows the
XRD difference spectra with respect to the initial pattern.
The behavior of the fcc {111}, bcc {110}, and fcc {200}
peaks is readily ascertained from the series of differential
diffraction patterns. The quantitative analysis of the peak
intensities is shown in Fig. 3, where the peak intensities
for each phase have been normalized by the intensities
obtained during the 100 s ambient temperature measurements.
Because the martensitic transformation is diffusionless, both
phases have the same composition and the structure factors
can be calculated. Given the fcc {111} and bcc {110} peak
intensities, the mole fractions of the two phases can be plotted
as a function of temperature/time, as seen in Fig. 3.
During the 800-1020K portion of the heating segment,
the bcc phase transforms into the fcc phase. Upon quenching,
the sample remains at least 80% in the fcc phase until 500K
and approaches its original phase composition by 360K. The
temperature hysteresis associated with this martensitic trans-
formation is in excess of 350K and is directly observed by
the high-speed XRD measurement. The presence of the fcc
phase at room temperature indicates that the martensitic
transformation is not complete and has shifted to lower tem-
peratures than reported measurements for bulk samples.24
This shift is commonly observed for martensitic transforma-
tions in materials with very fine microstructures.18
The heat capacity from the PnSC measurement is shown
along with the scanning rate in Fig. 4. During the heating
segment, mCp varies smoothly until near 800K, where an
upward trend is observed. This upward trend is not sustained
and is in fact reversed above 900K, after which the mCp sig-
nal decreases for the remainder of the heating and the entire
cooling segment. Given the water vapor atmosphere, incor-
poration of oxygen into the sample via thermal oxidation
could be suspected for the increased heat capacity at elevated
temperature. This explanation is, however, not supported by
the reversal in the mCp trend or the return to its initial value
at the end of the experiment, as any oxidation of the sample
would be irreversible at these temperatures.
The behavior of the mCp data can be understood by
combining the XRD and PnSC results. The measured mCp
signal contains contributions from both fcc and bcc phases,
as well as the calorimeter addenda (measured on a separate
device). To resolve the heat capacity signals from the fcc
and bcc phases, the Cp of the fcc phase was taken from the
literature. Chen and Sundman25 reported detailed calculation
of the heat capacity of fcc-Fe, which is a slowly varying
function of temperature over the range of our measurement.
The average value of Cp in this temperature range is approxi-
mately 31 J/K/mol, but we found that meaningful interpreta-
tion of the measured heat capacity for Fe0.84Ni0.16 was
FIG. 3. (Top) Quantitative results of Fig. 2 showing the temperature evolu-
tion of the bcc and fcc peaks during the heating (solid lines) and cooling
(dashed lines) segments of the in-situ experiment. Peak intensities are rela-
tive to the room temperature values prior to the in-situ experiment. (Bottom)
Phase concentrations derived from the above data. Concentrations have been
smoothed using fifth-order polynomial fitting. During the experiment, the
sample was heated at an average rate of 85K/s, followed by a quench at an
average rate of 275K/s.
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attained by scaling the literature value by 0.76. The heat
capacity of the nanoscale sample may be smaller than the
bulk literature value, or this required scaling may be due to
overestimation of the sample size or addenda heat capacity.
The mCp signal of the fcc phase was modeled by multi-
plying the scaled Cp for fcc-Fe by both the sample size of
50 nmol and the phase concentration from Fig. 3. This per-
mitted calculation of the bcc contribution to the measured
mCp and thus the specific heat capacity of bcc-Fe0.84Ni0.16
(see Fig. 4). Ideally, the calculated Cp would be identical for
the heating and cooling segments, and Fig. 4 shows that
these two segments have the same trend with respect to tem-
perature, with differences that are well within the experimen-
tal error and uncertainty of the above approximations. The
result shows that below 750K the heat capacity of the bcc
phase is comparable to that of the fcc phase, but it increases
at higher temperature and dramatically so near 1000K, in
agreement with bulk bcc-Fe.25 The measured heat capacity
indicates that the martensite is ferromagnetic with a Curie
temperature near 1000K, in good agreement with the estab-
lished 1010K Curie temperature for bcc-Fe0.84Ni0.16.
26
By combining the XRD and PnSC measurements,
detailed information was obtained on the transformation
behavior of Fe0.84Ni0.16 at ultra-fast heating and cooling
rates. Looking forward, we anticipate that this technique can
also be used to study solid-gas reactions. For instance, eluci-
dation of the oxidation kinetics of the Fe0.84Ni0.16 alloy could
be performed by employing slower scan rates or isothermal
measurements at elevated temperature. Such studies would
be quite powerful for development of high-temperature oxi-
dation resistant materials27 or materials for thermochemical
generation of fuel via water splitting.28,29 The range of scat-
tering vector magnitude measured in this experiment (see
Fig. 2) is sufficient for structural characterization of solid-
state materials. In general, the development of this combined
calorimetry and diffraction experiment at unprecedented
scanning rates creates the possibility for a broad range of
new materials explorations, from reaction kinetics to the
high-throughput mapping of phase transformations.
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FIG. 4. (Top) The PnSC results showing the measured heat capacity during
the heating (solid lines) and cooling (dashed lines) segments of the in situ
experiment along with the scanning rate. (Middle) Deconvolution of the
measured heat capacity into addenda, fcc, and bcc components. The sum of
these components equals the measured heat capacity at each temperature.
(Bottom) The assumed fcc and ascertained bcc specific heat capacities.
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